Introduction {#s0005}
============

Approximately 85% of human cancers maintain telomere length by telomerase, whereas the remaining 15% maintain telomere length in an alternative way called alternative lengthening of telomeres (ALT) [@bb0005]. ALT cancer cells are characterized by several hallmarks [@bb0005], [@bb0010], including the following: first, the telomere length of ALT cells is heterogeneous, ranging from undetectable to extremely long; second, ALT cells contain ALT-associated promyelocytic leukemia (PML) bodies (APBs), a special form of PML body that includes telomere DNA, whereas PML body is usually unrelated to the telomere in normal human cells and telomerase-positive cancer cells [@bb0015], [@bb0020]; third, abundant extrachromosomal telomeric circle DNA is present in ALT cells, including both double-stranded telomeric circles (t-circles) and partially single-stranded circles (C-circles) [@bb0025], [@bb0030]. In addition, high frequency of telomere sister chromatid exchange (T-SCE) has been specifically detected in ALT cells, consistent with the widely accepted hypothesis that ALT is mediated by homologous recombination (HR)--based mechanism [@bb0035], [@bb0040].

Naturally, spontaneous DNA lesions occur every day in human cells [@bb0045]. ALT cells have been reported to have large amounts of intrinsic DNA damages that may cause chromatin instability [@bb0050], [@bb0055]. Accordingly, persistent DNA damage response at telomeres, termed telomere dysfunction-induced foci (TIFs), is often observed in ALT cells but with much less frequency in non-ALT human cells [@bb0060], [@bb0065]. Our previous work and study from de Lange's group found that double-strand breaks (DSBs) in telomeric DNA can be repaired by HR in human and mouse cells [@bb0070], [@bb0075]. It is thus interesting to ask whether intrinsic DNA damages in ALT cells are able to drive HR-mediated telomere elongation.

It has been found that DSBs at ALT telomeres trigger long-range movement and clustering between chromosome termini [@bb0080]. Our previous study also demonstrated that artificially induced DSBs at telomeres drive clustering of telomeres in telomerase-positive cells [@bb0070]. Considering that all telomeres at chromosome ends have identical DNA sequences (TTAGGG/AATCCC), telomere clustering represents a homology searching mechanism specialized in telomeric DNA that may provide a new approach for recombination between not only sister telomeres but also nonsister telomeres. In this scenario, DSB-induced HR may occur between telomeres of both sister and nonsister chromatids. In addition, DSBs at telomeres may also trigger the mechanism termed break-induced replication (BIR) for repair. Because of telomere clustering, homologous template required by BIR for DNA synthesis can be provided by nonsister telomeres or sister telomeres. In fact, BIR occurring at G1 phase of cell cycle has been identified to contribute to lengthening of telomeres in ALT cells [@bb0080], [@bb0085], [@bb0090].

The main purpose of this study is to answer the question of whether telomeric DSB-induced recombination recapitulates telomere elongation observed in ALT cells. To directly address this, we induced telomeric DSBs using the CRISPR/Cas9 system in ALT-negative 293T cells and performed chromosome orientation-FISH (CO-FISH) and quantitative FISH (q-FISH) to calculate relative length of every telomere after recombination. We observed that DSBs-induced telomeric sister chromatid exchange (T-SCE) contributes to telomere length heterogeneity, whereas telomeres were primarily elongated by nonsister chromatid exchange (No-SCE). After a long-term induction of telomeric DSBs, non-ALT 293T cells displayed longer telomeres and heterogonous length distribution, as well as the formation of APBs and high abundance of C-circle DNA, recapitulating features of ALT cells.

Material and Methods {#s0010}
====================

Cell Culture and Long-Term Transfection {#s0015}
---------------------------------------

The 293T and U2OS cells were originally obtained from American Type Culture Collection (Manassas, VA). Two subtypes of 293T cells bearing different telomere length (5 kb and 15 kb) were used in this work. Unless specifically labeled, 293T cells described in text and figures are 293T 15 kb. Lentivirus with doxycycline (Dox) inducible HA-Cas9 was transfected into 293T and selected with puromycin. The expression of HA-Cas9 was detected with anti-HA antibody (Proteintech); GAPDH was detected as loading control (anti-GPDH, Proteintech). 293T and U2OS cells were grown in Dulbecco\'s modified Eagle medium (Gibco) supplemented with 10% fetal bovine serum (Hyclone) and 100 U/ml penicillin/streptomycin (Hyclone) at 37°C and 5% CO~2~. Plasmids DNA containing sgRNAs (Tel1, Tel2) or control (Scramble) were transfected into 293T-Cas9 by the polyethyleneimine (PEI) method. Briefly, 6 μg DNA was incubated with 18 μl PEI in a total of 480 μl opti-MEM for 15 minutes and then added to cells cultured in 6 cm--diameter culture dish. The medium was exchanged with fresh medium containing doxycycline (0.25 μg/ml) or DMSO (control) after 6 hours of transfection. For long-term transfection, sgRNAs were transfected into cells six times at 7-day intervals before analysis. The guiding sequences (sgRNA) were as follows: Tel 1: 5′-CACCGTTACCGTTAGGGTTAGGGTTA-3′; Tel 2: 5′-CACCGTTAGGGTTAGGGTTAGGGTTA-3′; control: 5′-CACCGGGTCTTC GAGAAGACCTGTTT-3′; Tel1 and Tel2 targeted the telomere, while the control was a scramble sequence.

Telomere Restriction Fragment (TRF) Assay {#s0020}
-----------------------------------------

Genomic DNA was extracted using the AxyPrep Blood Genomic DNA Miniprep Kit (Axygen Biosciences, Union City, CA) following manufacturer's instructions. Genomic DNA was digested by the HinfI, MSPI, and AfaI restriction enzymes at 37°C overnight and resolved on a 0.7% agarose gel. The gel was denatured, dried, and then hybridized with ^32^P-labeled (TTAGGG)~4~ oligonucleotides and exposed to a PhosphorImager screen. The weighted mean telomere length was calculated as described previously [@bb0095].

Immunofluorescence-FISH (IF-FISH) {#s0025}
---------------------------------

Cells were grown on a coverslip, washed with PBS and fixed in 4% paraformaldehyde for 15 minutes at room temperature, and then permeabilized in 0.5% Triton X-100 at room temperature for 30 minutes. The cells were washed thrice with 1× PBST and blocked with 5% goat serum for 1 hour at room temperature. The cells were first incubated with primary antibody (anti-53BP1, Novus Biologicals; anti-PML, Santa Cruz) overnight at 4°C and then with secondary antibody conjugated with DyLight 488 for 1 hour at room temperature. The coverslip was washed with PBST and fixed in 4% paraformaldehyde for 10 minutes, washed in ethanol series solutions, denatured at 85°C for 5 minutes, hybridized with Cy3-labeled CCCTAA PNA probe (Panagene) for 2 hours at 37°C, washed and mounted with DAPI stain, and visualized using a Zeiss microscope.

Chromosome Orientation Fluorescence *In Situ* Hybridization (CO-FISH) {#s0030}
---------------------------------------------------------------------

CO-FISH was performed as previously described with minor modification [@bb0100]. Briefly, after 34 hours of last transfection, 293T cells were incubated with BrdU for 14 hours; nocodazole (0.5 μg/ml) was added 3 hours before harvest. For U2OS, cells were incubated with BrdU for 20 or 72 hours; nocodazole (0.5 μg/ml) was added 5 hours before harvest. Cells were trypsinized and resuspended in a hypotonic solution of 0.075 M KCl incubated at 37°C for 30 minutes. The cells were fixed thrice with methanol:acetic acid (3:1) for 10 minutes each time. The cells were then spread onto slides, digested with pepsin (1 mg/ml) for 40 seconds, and exposed to UV (365 nm, UVP-CL1000) in the presence of Hoechst for 35 minutes. The cells were treated with Exo III (100 U for 2 hours at 37°C), hybridized with C-rich (green, FITC-labeled) and G-rich probe (red, Cy3-labeled) in sequence, mounted with DAPI, and observed using a Zeiss microscope.

Determination of Relative Length of Telomeres in CO-FISH {#s0035}
--------------------------------------------------------

To eliminate the difference between hybridization with C-rich (green) and G-rich (red) probe, the ratio of red to green fluorescence intensity in every karyotype was calculated (total red intensity/total green intensity). The red fluorescence intensity was then normalized by dividing with this ratio, obtaining intensity value that is comparable to the green fluorescence. For telomeres with T-SCE that display both green and red fluorescence, the relative telomere length (RTL) was calculated as the sum of green and normalized red fluorescence intensity.

Telomere Quantitative-FISH (q-FISH) {#s0040}
-----------------------------------

Cells were treated with 0.5 μg/ml nocodazole for 3 hours to enrich cells at metaphase. Cells were harvested and q-FISH was performed as previously described [@bb0105]. Cy3-labeled (CCCTAA)~3~ PNA probe was used. Images were taken using a Zeiss microscope. The fluorescence intensity of the telomeres was analyzed by Axio Vision software 4.8 and the TFL-TELO program.

Constant-Field Gel Electrophoresis (CFGE) {#s0045}
-----------------------------------------

CFGE was performed as described previously [@bb0070]. Cells were imbedded in 0.7% agarose, lysed with 0.5% SDS in Tris-HCl, and digested with RNase A (100 μg/ml) and proteinase K (250 μg/ml) at 37°C overnight. Gel electrophoresis was performed using 0.7% agarose in TAE buffer. In-gel hybridization analysis of telomeric DNA was performed as follows: the gel was dried for 1 hour at room temperature and hybridized overnight at 42°C with a telomeric probe in 1× hybridization buffer (2 μg/ml sonicated *Escherichia coli* DNA, 10× Denhards' buffer, 0.5% SDS, and 5× SSC). The gel was washed four times in wash buffer (2× SSC, 0.5% SDS) and exposed to a PhosphorImager screen (GE Healthcare Life Science).

C-Circle Assay {#s0050}
--------------

The C-circle assay was performed as described previously with minor modification [@bb0025]. Briefly, genomic DNA was digested with the HinfI, MSPI and AfaI restriction enzymes and RNase A (Fermentas) at 37°C overnight. A total of 20 ng digested DNA was used for amplification with Φ29 DNA polymerase (NEB) at 30°C for 8 hours followed by 65°C for 20 minutes. The products were blotted onto nitrocellulose filter membrane, UV cross linked, and hybridized with ^32^P-labeled C-probe. The membrane was then exposed to phosphor screen and scanned. The signals were quantified using ImageQuant software.

Telomeric Repeat Amplification Protocol (TRAP) Assay {#s0055}
----------------------------------------------------

The PCR-based TRAP assay was performed as described previously [@bb0110]. Cells were counted, pelleted, and resuspended in 1× CHAPS lysis buffer and incubated on ice for 30 minutes. The supernatant was collected after centrifugation and diluted into volume in which 1 μl lysate was equal to 500 cells. One microliter of lysate was used for extension; the lysate heated at 85°C for 10 minutes was used as a heating control and ddH~2~O as a negative control. The products were separated in 8% polyacrylamide gel at 250 V for 2 hours, stained with gel red for 15 minutes, and visualized under UV illumination.

EdU Staining and Detection of Telomere Clustering {#s0060}
-------------------------------------------------

Tel2 and scramble sgRNAs were transfected into 293T-Cas9 cells cultured in Dox-containing medium. After 24 hours of transfection, 5-ethynyl-2-deoxyuridine (EdU, 50 μM) was added to medium and incubated for 10 minutes. Cells were fixed and permeabilized as mentioned in IF-FISH assay. The cells were hybridized with Cy3-labeled CCCTAA PNA probe (Panagene) for 2 hours at 37°C and stained with freshly prepared staining solution (10 μM fluorescent azide, 1 mM CuSO4, and 10 mM ascorbic acid dissolved in PBS) for 10 minutes to visualize EdU. The coverslip was mounted with DAPI and visualized using a Zeiss microscope. The average diameter of telomere spots in normal 293T cells was \~2 pixels. The telomere clustering is defined as telomere signals with diameters bigger than 4 pixels, and cells with more than 4 clustered telomere foci were quantified for each group.

Statistical Analysis {#s0065}
--------------------

The Student's 2-tailed unpaired *t* test was used to determine statistical significance. The resulting *P* values are indicated in the figures.

Results {#s0070}
=======

Inducible CRISPR/Cas9 System for Generation of Sustained Telomeric DSBs {#s0075}
-----------------------------------------------------------------------

To specifically generate double-strand breaks in telomeric DNA, we used the CRISPR/Cas9 system, which consists of the Cas9 enzyme and sgRNA-targeting telomeric sequences. In this study, the doxycycline-inducible Cas9 enzyme was stably expressed in human non-ALT 293T cells, termed 293T-Cas9. The sgRNAs targeting telomeric sequence (Tel1, Tel2) or scramble sequence (Ctl) were transfected into 293T-Cas9 cells. When doxycycline (Dox) was added to culture medium, the Cas9 enzyme was successfully expressed ([Figure 1](#f0005){ref-type="fig"}*A*). CRISPR/Cas9-induced telomeric DSBs were verified by constant-field gel electrophoresis (CFGE) followed by hybridization under native condition with a C-rich telomere-specific probe. While intact genomic DNA stays in the plug, the amount of DNA released into the gel as linear DNA fragments is proportional to the number of DSBs in the genome; telomeric probe identifies the fraction of DNA fragments derived from CRISPR/Cas9-cleaved telomeres. The result showed that co-expressed Cas9 and Tel1 or Tel2 induced the release of telomeric fragments from the genome, whereas the expression of Tel1 or Tel2 alone (without Dox) or the co-expression of Cas9 and scramble sgRNA (Ctl) did not ([Figure 1](#f0005){ref-type="fig"}*B*). (In the following text, Dox is added if not specified). In addition, immunofluorescence (IF) and fluorescence *in situ* hybridization (FISH) were performed to visualize the localization of 53BP1, an indicator of DNA damage response, at telomeres. The colocalization of 53BP1 foci with telomeric DNA was observed in cells coexpressing Cas9 and sgRNA Tel1 or Tel2, but not in cells expressing Cas9 only or coexpressing Cas9 and scramble sgRNA (Ctl) ([Figure 1](#f0005){ref-type="fig"}*C*-*E*).Figure 1Artificial DSBs at telomeric DNA generated by Cas9. (A) Inducible Cas9 expression in 293T cells. The 293T-Cas9 cells were transfected with the indicated sgRNAs (Ctl: scramble, Tel1 and Tel2: telomere) in the presence or absence of Dox. HA-tagged Cas9 was detected by Western blot 48 hours after transfection (anti-HA, Proteintech). (B) Telomere fragments were generated by the CRISPR/Cas9 system. Cells were treated the same as (A) and analyzed by constant-field gel electrophoresis (CFGE). (C) TIFs were generated by the CRISPR/Cas9 system. Cells were treated the same as in (A). DNA damage response and telomeres were visualized using antibody against 53BP1 (IF) or a probe to telomeric sequences (FISH), respectively. Arrows indicate merged foci. Scale bar, 10 μm. (D) Quantification of foci in panel (C). The number of cells with 1 or more 53BP1 foci was counted, and the percentage of 53BP1 foci colocalized with telomeres per cell was calculated. (E) Quantification of panel (C). The cell with more than one TIF was counted. The percentage of cells with TIF was calculated. All values are mean ± SD of three independent experiments (*n*≥100, \*\*\**P*\<.001).Figure 1

To explore the long-term effect of telomeric DSBs, 293T-Cas9 cells were consistently treated with Dox and transfected with sgRNAs at 7-day intervals for 6 weeks. In accordance with the previous report that telomeric DSBs are repairable leading to no cell senescence and apoptosis [@bb0070], we found that long-term induction of telomeric DSBs has a very limited effect on cell proliferation (Supplementary Figure S1).

Telomere Clustering at G1 or S Phase of Cell Cycle upon Telomeric DSBs {#s0080}
----------------------------------------------------------------------

Previously, we observed the phenomenon termed "telomere clustering" when telomeric DSBs were introduced in 293T cells, implying a potential HR between telomeres [@bb0070]. To further understand when telomere clustering occurs during cell cycle, 293T-Cas9 cells were incubated with EdU for 10 minutes after sgRNA transfection and subjected to fluorescent azide staining and FISH to visualize EdU and telomeres, respectively ([Figure 2](#f0010){ref-type="fig"}*A*). The EdU-positive are cells at S phase of cell cycle, whereas the EdU-negative are cells mostly at G1 phase [@bb0115]. The result showed that transfection with Tel2 sgRNA resulted in slight increase (not significant) of EdU-positive cells, demonstrating a limited effect of telomeric DSBs on cell proliferation ([Figure 2](#f0010){ref-type="fig"}, *B* and *C*). Cells with clustered telomeres are characterized by increased size (\>4 pixels versus \<2 pixels) and decreased number of telomeric foci in cell. Based on these standards, cells with clustered telomeres were calculated and classified according to EdU staining. Our results showed: 1) the percentage of cells with clustered telomeres increased upon telomeric DSBs; 2) among these cells, 19% are in G1 phase (EdU negative) and 30% in S phase (EdU positive) ([Figure 2](#f0010){ref-type="fig"}, *B* and *D*). These results suggested that DSB-induced telomere clustering could occur at both S and G1 phase of cell cycle.Figure 2Telomere-clustering upon DSBs at telomeres in both G1 and S phase of cell cycle. (A) Schematic diagram of cell treatment. After 24 hours of sgRNAs transfection, cells were treated with EdU for 10 minutes and subjected to visualization of EdU and telomeres. (B) Clustered telomeres were observed in both EdU-negative (G1) and -positive (S phase) cells. EdU and telomeres were visualized using fluorescent azide staining and telomere probe, respectively. The average size of telomere spots were 2 pixels, and telomere spots with diameters bigger than 4 pixels were defined as clustered telomeres. (C) Quantification of EdU-positive cells in panel (B). (D) Quantification of cells with more than 4 clustered telomere foci in panel (B). More than 845 cells were counted. All values are average ±SD of three independent experiments (\*\*\**P*\<.001).Figure 2

Telomere Elongation induced by Repair of Telomeric DSBs {#s0085}
-------------------------------------------------------

In our previous work, we found that telomeric DSBs are repaired by an HR-mediated process [@bb0070]. HR in telomeric DNA leads to T-SCE, which can be observed by CO-FISH [@bb0120]. In CO-FISH assay, normal telomeres display either a red (leading daughter) or a green signal (lagging daughter) on metaphase spread, whereas telomere with SCE is visualized as a yellow spot merged by red and green signals. As expected, the induction of telomeric DSBs in 293T-Cas9/Tel1 or 293T-Cas9/Tel2 cells led to increased frequency of T-SCEs compared to control cells (293T-Cas9/scramble-sgRNA) ([Figure 3](#f0015){ref-type="fig"}, *A* and *B*), demonstrating that telomeric DSBs induced HR-mediated repair at telomeres.Figure 3HR mediated repair of telomeric DSBs leads to lengthening of telomeres. (A) T-SCE was induced by telomeric DSBs. 293T-Cas9 cells were transfected with the indicated sgRNAs. Cells were transfected six times at 7-day intervals in the presence of Dox. T-SCE was visualized by CO-FISH (yellow spots). Scale bar, 10 μm. (B) Quantification of T-SCE from panel (A). Frequencies of yellow spots (indicating T-SCE) were counted. All values are mean ± SD of three independent experiments (*n*\>30 karyotypes, \*\*\**P*\<.001). (C) The RTL in panel (A) was quantified (293T-Cas9 + Tel2). Six representative karyotypes were shown. RTL of telomeres with green, red, or yellow color was calculated. (D) Telomeres with T-SCE were longer than telomeres without T-SCE (293T-15 kb + Tel2-Dox). All values are mean ± SD of three independent experiments; 288 instances of T-SCE in 29 karyotypes were quantified (\*\*\**P*\<.001).Figure 3

To explore how telomeric HR alters the length of targeted telomeres, the RTL of telomeres with T-SCE was quantified and compared with the mean RTL of telomeres without T-SCEs. To eliminate the effect of different hybridization efficiency between C-rich (green) and G-rich probe (red), the signal intensities from sister chromosomes (green or red) were compared, and the ratio of red to green was calculated. The intensity of red was then converted into the equivalence of green by normalizing with obtained ratio. The signal intensity of the yellow spot was quantified by totaling the red and green signal at the corresponding end of the chromosome. Our results showed that, in most of calculated karyotypes (25/29), the telomeres with T-SCE had a significantly greater average length than telomeres without T-SCE. [Figure 3](#f0015){ref-type="fig"}*C* showed six representative karyotypes. Collectively, 288 telomeres with T-SCE from 29 metaphase spreads demonstrated longer average telomere length than telomeres without T-SCE ([Figure 3](#f0015){ref-type="fig"}*D*).

We also performed CO-FISH assay on human U2OS cell line, a typical ALT cancer cell line with high frequency of T-SCE [@bb0040]. Similar to that observed in 293T-Cas9/Tel, the average telomere length of telomeres with T-SCE (yellow spot) (Supplementary Figure S2*A*) is much longer than those without T-SCE in most of the single karyotype (Supplementary Figure S2*B*) and in total (35 karyotypes) (Supplementary Figure S2*C*).

To exclude the possibility that T-SCE may preferentially occur at long telomeres, two subtypes of 293T cells bearing long and short telomeres (15 kb vs 5 kb) were transfected with CRISPR/Cas9 and Tel2 sgRNA under identical conditions, and resulting T-SCEs were determined by CO-FISH. Our results showed that two cell subtypes (293T-15k and 293T-5k) displayed similar frequencies of T-SCE, suggesting that telomere length is not a determinant for recombination in our experiment system (Supplementary Figure S3).

Telomere Elongation Primarily Contributed by No-SCE {#s0090}
---------------------------------------------------

Yellow spots observed at the ends of chromosome can be classified as follows: unpaired yellow spots (yellow spot at only one chromatid termed No-SCE), paired yellow spots with similar intensity at two sister chromatids (equivalent T-SCE), and paired yellow spots with different intensity at two sister chromatids (inequivalent T-SCE) ([Figure 4](#f0020){ref-type="fig"}*A*). Strikingly, a significant number of No-SCE were detected in 293T-Cas9/Tel (both Tel1 and Tel2) and U2OS cells (46.5% and 53.9%, respectively), whereas the frequency of equivalent T-SCE was relatively low (18.1% and 16.8%) ([Figure 4](#f0020){ref-type="fig"}*B*).Figure 4No-SCE contributes to the lengthening of targeted telomeres. (A) Three types of SCE in a representative karyotype (I. No-SCE; II. equivalent T-SCE; III. inequivalent T-SCE). (B) Occurrence frequencies of three types of SCE in 293T-Cas9/Tel (sum of Tel1 and Tel2 with Dox) and U2OS cells. Karyotypes in three independent experiments were calculated. (C) Relative length of telomeres with No-SCE, equivalent T-SCE, or inequivalent T-SCE in 293T-Cas9/Tel cells. Telomeres without SCE (red or green) were used as control. Twenty-nine karyotypes were calculated. All values are mean ± SD of three independent experiments (\*\*\**P*\<.001, ns: not significant). (D) Schematic diagram of T-SCE (equivalent and inequivalent) caused by HR.Figure 4

We then examined the relative length of telomeres with three different recombination events (No-SCE, equivalent T-SCE, and inequivalent T-SCE). In 293T-Cas9/Tel1 and Tel2 cells, the telomeres with No-SCE showed significantly longer length than the average (*P*\<.001), whereas the telomeres with equivalent T-SCE and inequivalent T-SCE have similar telomere length to the average (*P*=.09 or *P*=.054, respectively) ([Figure 4](#f0020){ref-type="fig"}*C*). Inequivalent T-SCE might be due to repetitive nature of telomeric DNA so that homologous searching and recombination could occur along telomeres ([Figure 4](#f0020){ref-type="fig"}*D*). Theoretically, two types of T-SCE would result in no net increase of telomeres, but inequivalent T-SCE may induce telomeres with varying lengths, contributing to heterogeneity of telomere length.

Telomeric No-SCE has been previously reported by several groups in telomerase positive and ALT cells [@bb0070], [@bb0080]. The easiest interpretation is that telomeric recombination between nonsister chromatid may occur (interchromatin recombination). However, interchromatin recombination would not result in net increase of telomere length. There must be other events that could lead to elongation of telomeres.

It has been reported that BIR leads to elongation of telomeres [@bb0090]. For BIR, both strands of telomeric DNA are newly synthesized that would be labeled by BrdU during CO-FISH experiment (Supplementary Figure S4*A*). Because Exo III is 3\'→5\' exodeoxyribonuclease with high specificity for double-stranded DNA [@bb0125], it stops digestion as long as single-stranded DNA is generated. Therefore, Exo III digestion would generate intermittent single-stranded G-rich and C-rich DNA, which could hybridize with C-rich (green) or G-rich probe (red) under native conditions, forming yellow foci (Supplementary Figure S4*B*). To verify this experimentally, U2OS cells were treated with BrdU for 72 hours (approximately three population doublings) so that most of telomeres are BrdU labeled at both strands of DNA (G-rich and C-rich). As expected, we observed that \~70% of telomeres are yellow when these cells were subjected to CO-FISH (Supplementary Figure S4*C*).

We also tested telomeric recombination in U2OS cells. Surprisingly, all telomeres with three recombination events (No-SCE, equivalent T-SCE, and inequivalent T-SCE) showed longer telomere length than the average (Supplementary Figure S5), implying that besides telomeric HR or BIR, additional elongation of telomeres might occur [@bb0005]. Nevertheless, telomeres with No-SCE showed the longest length in 293T-Cas9/Tel and U2OS, suggesting that No-SCE, which is presumably induced by BIR, makes a contribution to telomere elongation.

Increased Length Heterogeneity of Telomeres after Exposure of Cells to Substained Telomeric DSBs {#s0095}
------------------------------------------------------------------------------------------------

As a result of No-SCE and inequivalent T-SCE, it is expected that sustained DSBs at telomeres may not only elongate telomeres but also change their length heterogeneity. To test it, q-FISH was performed to determine the RTL. In 293T-Cas9 cells transfected with scramble sgRNA (Ctl-DOX), telomere length was relatively homogenous at a single cell and population level ([Figure 5](#f0025){ref-type="fig"}, *A*-*C*). However, in cells transfected with Tel1 or Tel2 (Tel1-DOX or Tel2-DOX), telomere length displayed a heterogeneous distribution ([Figure 5](#f0025){ref-type="fig"}, *A*-*C*). In addition, we observed increased average length of telomeres in Tel1 or Tel2-transfected cells compared to scramble sgRNA transfected cells (Ctl-DOX) ([Figure 5](#f0025){ref-type="fig"}*C*).Figure 5Sustained induction of telomeric DSBs induces heterogeneous telomeres. (A) Representative q-FISH images showing telomeres in Dox induced 293T-Cas9/Tel1 (Tel1-Dox) or Tel2 (Tel2-Dox) and 293T-Cas9/Scramble (Ctl-Dox) cells. SgRNAs were transfected into cells six times at 7-day intervals before analysis. (B) RTL of corresponding single cell in panel (A). (C) RTL of indicated cell populations with Dox. Number of telomeres analyzed (N) is indicated in figures. Red bar indicates the average length of telomeres.Figure 5

Telomerase-independent telomere elongation induced by sustained DSBs at telomeres {#s0100}
---------------------------------------------------------------------------------

After 293T-Cas9 cells were exposed to sustained telomeric DSBs for 6 weeks, their telomere length was assayed by TRF. We observed that in the presence of dox induction, 293T-Cas9 cells transfected with Tel1 or Tel2 sgRNAs bear longer telomeres than cells transfected with scramble sgRNA ([Figure 6](#f0030){ref-type="fig"}, *A* and *B*). Telomere elongation was not observed when cells were transfected with telomeric sgRNAs without dox induction ([Figure 6](#f0030){ref-type="fig"}*A*), excluding the possibility that sgRNAs might be involved in telomere length elongation. We also performed the TRAP assay to determine telomerase activity in transfected and control cells. No obvious difference was observed for all cells tested ([Figure 6](#f0030){ref-type="fig"}*C*), suggesting that the lengthened telomere is not due to increased telomerase activity.Figure 6Telomerase independent lengthening of telomeres in cells with sustained telomeric DSBs. (A) Telomeres were lengthened after consistent induction of telomeric DSBs (6 weeks in 293T-15 kb cells). 293T-Cas9 cells were transfected with indicated sgRNAs in the presence or absence of Dox. Telomere length was assayed by TRF. The average length of corresponding cells was indicated by white bar. (B) Quantification of panel (A) (Image J) showing telomere length distribution in scramble sgRNA (Ctl), Tel1, and Tel2 transfected cells with Dox. (C) Unchanged telomerase activity upon sgRNAs transfection. Telomerase activity of cells with indicated sgRNAs was determined by TRAP assay. (D) BIBR1532 inhibits telomerase activity. 293T cell lysate was treated with or without 100 nM BIBR 1532, and telomerase activity was detected by TRAP assay. (E) Telomere elongation in the presence of BIBR 1532 (in 293T-5 kb cells). Indicated cells were treated with or without 10 μM BIBR1532 for 6 weeks; telomere length was then assayed by TRF. The average length of corresponding cells was indicated by white bar.Figure 6

It has been reported that DSB induces the activation of ATM or ATR that recruits telomerase to break sites [@bb0130]. Our previous work also showed that telomerase preferentially extends the shortest telomeres when telomeres are under nonequilibruim conditions [@bb0135]. To exclude the possibility that telomere elongation might be caused by telomerase extending the broken telomeres, we repeated the above experiment in the presence of BIBR1532, a specific inhibitor of telomerase [@bb0140]. As expected, 100 nM of BIBR1532 was able to completely inhibit telomerase activity in 293T-Cas9 cells ([Figure 6](#f0030){ref-type="fig"}*D*). For long-term treatment, 10 μM of BIBR1532 was used for 6 weeks that induced significant telomere shortening ([Figure 6](#f0030){ref-type="fig"}*E* Ctl lanes). However, sustained expression of telomeric sgRNA (Tel2) restored telomere length ([Figure 6](#f0030){ref-type="fig"}*E*), demonstrating telomerase-independent elongation of telomeres.

In the presence of BIBR1532, scramble (Ctl) and Tel2 sgRNA-transfected cells displayed similar proliferation rates, excluding the possibility that different telomere length is due to different division times when telomerase activity is inhibited (Supplementary Figure S6).

Formation of APB and C-Circle upon Sustained Telomeric DSBs {#s0105}
-----------------------------------------------------------

Human ALT cancer cells are also characterized by the presence of extrachromosomal C-circle DNA and ALT-associated promyelocytic leukemia (PML) bodies (APBs) [@bb0015], [@bb0025]. To test whether the long-term induction of telomeric DSBs can recapitulate these hallmarks, the C-circle assay [@bb0025] and IF/FISH were performed to determine the abundance of C-circle and formation of APBs, respectively. The amount of C-circle significantly increased when 293T-Cas9 cells were transfected with Tel1 or Tel2 sgRNAs but not with scramble sgRNA (Ctl) ([Figure 7](#f0035){ref-type="fig"}, *A* and *B*). Moreover, we found that the average number of PML bodies in cells increased after sustained induction of telomeric DSBs (6 weeks), and the percentage of cells with PML or APBs increased significantly ([Figure 7](#f0035){ref-type="fig"}, *C* and *D*).Figure 7Sustained telomeric DSBs induce the accumulation of C-circle and APBs. (A) C-circle was increased in cells treated with sustained telomeric DSBs. Genomic DNA of indicated cells was extracted, and the abundance of C-circle DNA was determined by C-circle assay. The same amount of genomic DNA was used for the assay (down panel). (B) Quantification of panel (A). All values are mean ± SD of three independent experiments (\*\*\**P*\<.001). (C) APBs formation upon sustained telomeric DSBs. APBs in indicated cells were visualized by hybridization using antibody to PML (IF) and telomeric probe (FISH). Arrows indicate merged foci. Scale bar, 10 μm. (D) Quantification of panel (C). The average number of PML foci per cell and the percentage of PML foci or APBs positive cells were calculated. All values are mean ± SD of three independent experiments (*n*≥100 for each experiment, \*\*\**P*\<.001).Figure 7

Discussion {#s0110}
==========

In normal human cells and telomerase-positive cancer cells, telomeric HR is constitutively suppressed, whereas a high frequency of HR was observed at telomeres in ALT cancer cells. It has been widely accepted that the alternative lengthening of telomeres is mediated by telomeric HR [@bb0035]. ALT cancer is also characterized by persistent DNA damage response (DDR), i.e., TIF at the telomeres [@bb0060], [@bb0065]. To mimic this situation in non-ALT cells, telomeric DSBs were continuously introduced in human 293T cells by inducible CRISPR/Cas9 system. Consistent with our previous findings, we observed telomere clustering and increased frequency of T-SCE ([Figures 2](#f0010){ref-type="fig"}*D* and [3](#f0015){ref-type="fig"}*B*), demonstrating the occurrence of HR at telomeres. Theoretically, conventional HR-induced T-SCE would not induce a net increase of telomere length. Indeed, telomeres with T-SCE (equivalent T-SCE and inequivalent T-SCE) have similar lengths with telomeres without T-SCE ([Figure 4](#f0020){ref-type="fig"}*C*). Unexpectedly, we also detected a significant number of No-SCE (46.5%) that is likely induced by interchromatin HR or BIR in telomere DNA. Because telomeres with No-SCE show longer length than the rest of telomeres, we proposed that No-SCE is primarily induced by BIR rather than interchromatin HR. Thus, these results support the hypothesis that No-SCE induced by telomeric DSBs contributes to telomere lengthening. Consistently, the long-term exposure of cells to telomeric DSBs led to elongation of telomeres independent of telomerase ([Figure 6](#f0030){ref-type="fig"}, *A* and *E*).

BIR is an important pathway specializing in repair of one-ended DSBs, which typically arises at collapsed replication forks or at eroded telomeres [@bb0145]. BIR is homology-directed DNA repair that utilizes homologous sequence as a template for DNA synthesis. Our results showed that telomeres underwent clustering in response to DSBs at telomeres ([Figure 2](#f0010){ref-type="fig"}*B*). Clustering telomeres thus provide homologous sequence for initiation of BIR. More importantly, the phenomenon of telomere-clustering has been observed at both G1 and S phase of cell cycle, implying that BIR could occur not only within replicated telomeres, i.e., sister chromatid during S phase, but also between nonsister chromatids (G1). This is consistent with the previous finding that BIR at telomeres was detected during G1 phase of cell cycle that contributes to extension of telomeres in ALT cells [@bb0090].

In addition to telomerase independent lengthening, ALT cells are also characterized by high heterogeneity of telomere length. Because telomeric DNA consists of repetitive sequences, homologous searching and recombination could occur anywhere along telomeres. This would generate inequivalent T-SCE that produce asymmetrical telomeres with one telomere longer/shorter than another. Therefore, telomeres with different length accumulated, leading to heterogeneous distribution of telomere length. In addition, we also observed the accumulation of short telomeres in cells exposed to repeated telomeric DSBs ([Figure 5](#f0025){ref-type="fig"}). Similarly, short telomeres or chromosomes with telomere-free ends are often observed in ALT cancer cells [@bb0150]. These telomeres may be caused by inequivalent T-SCE and/or the failure in repairing DSBs at telomeres or by alt-NHEJ mediated repair that induces the loss of telomeric DNA [@bb0070], [@bb0075].

It has been reported that C-circle like structure t-circle-tail DNA is produced during resolution of replication fork stalling at telomeres [@bb0155] and that APBs are formed in cell cycle dependent manner during S phase when telomeres are replicated [@bb0160]. We observed the C-circle DNA and the formation of APBs in cells with telomeric DSBs ([Figure 7](#f0035){ref-type="fig"}). In this scenario, telomeric DSBs may cause replication fork stalling or collapse when encountering telomere replication, and telomeric HR or BIR is activated to resolve stalled replication forks [@bb0090], [@bb0165], [@bb0170]. How C-circle and APBs coordinate with telomeric HR or BIR to resolve replication stress remains for further investigation.

It should be noted that in addition to HR between sister chromatids (T-SCE) and nonsister chromatids (non-SCE), the recombination between telomere and extrachromosomal circular DNA and/or rolling circle replication-mediated elongation may also occur when DSBs are induced in telomeric DNA, which could contribute to telomere lengthening and length heterogeneity [@bb0080]. Moreover, it has been proposed that multiple mechanisms of alternative lengthening may exist in telomerase-negative ALT cell lines [@bb0005]. Our results showed that in 293T cells, HR-induced T-SCE (equivalent and inequivalent T-SCE) led to no elongation of targeted telomeres ([Figure 4](#f0020){ref-type="fig"}*C*); however, telomeres with T-SCE (equivalent and inequivalent T-SCE) in telomerase-negative U2OS cells are longer than telomeres without T-SCE (Supplementary Figure S5*B*), indicating an additional extension mechanism existing in U2OS cells.

There is persistent DDR at telomeres in ALT cancer cells that may serve as a consistent trigger for ALT. It is thus hypothesized that decrease of telomeric DNA damages or block of telomeric DDR would attenuate ALT activity. In supporting this, it has been found that the inhibition of ATR, a crucial DDR protein for signal transduction, induces cell death of ALT cancer [@bb0175]. Furthermore, the increase of DNA damage at telomeres enhances ALT activity [@bb0080]. The present study provides a new insight into understanding of mechanisms underlying ALT and may facilitate development of effective ALT-targeted anticancer therapies.
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